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Introduction
Type I IFNs were identified and intensively studied as cytokines induced during viral infections. Type I IFN exerts biological functions even in the absence of acute infection, suggesting an important role in various physiological processes. Moreover, Type I IFN is constitutively expressed at a low level to ensure the maintenance of cellular homeostasis. 1 In hematopoietic organs, this weak IFN signaling affects the development of specific cell lineages and regulates the cell cycle of hematopoietic stem cells. [2] [3] [4] [5] Mice with an impaired Type I interferon (IFN) signaling (IFNaR1-and IFNβ-deficient mice) display an increased susceptibility toward v-aBL-induced B-cell leukemia/lymphoma. The enhanced leukemogenesis in the absence of an intact Type I IFN signaling is caused by alterations within the tumor environment. Deletion of Ifnar1 in tumor cells (as obtained in Ifnar1 f/f cD19-cre mice) failed to impact on disease latency or type. In line with this observation, the initial transformation and proliferative capacity of tumor cells were unaltered irrespective of whether the cells expressed IFNaR1 or not. v-aBL-induced leukemogenesis is mainly subjected to natural killer (NK) cell-mediated tumor surveillance. Thus, we concentrated on NK cell functions in IFNaR1 deficient animals. Ifnar1 -/-NK cells displayed maturation defects as well as an impaired cytolytic activity. When we deleted Ifnar1 selectively in mature NK cells (by crossing Ncr1-icre mice to Ifnar1 f/f animals), maturation was not altered. however, NK cells derived from Ifnar1 f/f Ncr1-icre mice showed a significant cytolytic defect in vitro against the hematopoietic cell lines Yac-1 and RMa-s, but not against the melanoma cell line B16F10. Interestingly, this defect was not related to an in vivo phenotype as v-aBL-induced leukemogenesis was unaltered in Ifnar1 f/f Ncr1-icre compared with Ifnar1 f/f control mice. Moreover, the ability of Ifnar1 f/f Ncr1-icre NK cells to kill B16F10 melanoma cells was unaltered, both in vitro and in vivo. Our data reveal that despite the necessity for Type I IFN in NK cell maturation the expression of IFNaR1 on mature murine NK cells is not required for efficient tumor surveillance.
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Results

Increased frequency of v-Abl-induced B cell leukemia/lymphoma in Ifnar1
-/-and Ifnb -/-mice. We have previously reported that Tyk2 -/-mice are more susceptible to v-Abl-induced leukemia/lymphoma than control mice. 15 As the Janus kinase TYK2 is critical in the signaling pathway elicited by Type I IFN, we speculated that impairments in Type I IFN signaling might relate to the higher incidence and shortened latency of v-Abl-induced tumors in (Fig. 1A and B) . Notably, Ifnar1 -/-mice display a more severe phenotype than Ifnb -/-mice. This is most likely due to the biological activity of other Type I IFNs, including IFNα. Transformed B cells were found to be B220 + /CD43 + /CD19 + by flow cytometry, and this did not differ in any of the genotypes tested (Fig. 1C) . Similarly, upon disease onset, the phenotype of the disease was homogenous, and, in affected mice, symptoms such as splenomegaly, enlarged liver and lymph nodes and increased white blood cell (WBC) numbers as well as the extent of leukemic cell infiltration into hematopoietic organs were comparable across all experimental groups ( Fig. 1D and E; Fig. S1A and B and data not shown).
Ifnar1 -/-and Ifnb -/-bone marrow cells are readily transformed by the v-Abl oncogene. Genotype-dependent differences in disease latency may be explained by the fact that mice have increased B cell numbers or are more readily transformed upon the oncogenic challenge. Thus, we tested whether the responsiveness to and/or the production of Type I IFN is essential for cell transformation by A-MuLV in vitro. Colony formation assays were performed and failed to reveal any major differences in the transformation capacity. As illustrated in Figure 2A- 10 Further experiments using bone marrow chimeras led to the conclusion that the hematopoietic cells of the host need to be sensitive to Type I IFN for tumor rejection and that endogenously produced or therapeutically administered Type I IFN mediates its antitumor effects mainly through acting on host hematopoietic cells. 9, 11 Several mechanisms have been postulated to explain how Type I IFN stimulates the immune system. On the one hand, Type I IFN has been implicated in innate immunity, potentiating natural killer (NK) cell proliferation and activity. On the other hand, Type I IFN appears to influence adaptive immune responses by increasing the expression of MHC Class I (and II) molecules, enhancing antigen presentation, and promoting the proliferation, expansion and survival of CD8 + T cells. 9 NK cell development in the adult mouse is best characterized in the bone marrow, although some reports suggest sites where alternative developmental routes take place. 12, 13 Developmental or differentiation stages have been described based on sequential acquisition of NK cell specific markers and functional competence. The earliest NK cell progenitor (NKP) is defined as a bone marrow cell expressing CD122, the shared β-chain of the interleukin (IL)-2 and IL-15 receptor, and lacking any lineage specific markers. The next stage of differentiation is an immature NK (iNK) cell characterized by the expression of NK1.1, but not DX5, followed by inhibitory and activating Ly49 receptors. As iNK cells differentiate further they display NK1.1, DX5 and Ly49 receptors, and are then called mature NK (mNK) cells. Ncr1 (also known as NKp46) is expressed during the iNK cell stage and its expression persists constitutively. mNK cells leave the bone marrow and reside in the blood as well as in the spleen, liver, lung and various other organs, where they continue to mature. 12 Swann and colleagues demonstrated that Type I IFN is an early and critical regulator of NK cell antitumor activity, for example in the methylcholanthrene-induced sarcoma model or against the NK cell-sensitive RMA-S cancer cell line. Moreover, Type I IFN is critical for the efficacy of cytokine-based immunotherapy of lung metastases provoked by 3LL or B16F10 tumor cells.
14 However, the role of Type I IFN in NK cell antitumor responses, including that against B cell leukemia, still remains largely elusive.
In this study, we addressed the importance of Type I IFN signaling on the NK cell-mediated immunosurveillance of v-Abl oncogene-driven leukemia. 15 This tumor model is of great clinical relevance as it represents leukemogenesis in patients in whom the ABL gene is activated by the t(9;22) chromosomal translocation (Philadelphia chromosome). The resulting fusion protein, BCR/ABL, is a constitutively active tyrosine kinase and drives both chronic and acute lymphoid leukemia. 16, 17 Our study reveals an enhanced susceptibility of mice lacking functional Type I IFN signaling for v-Abl-induced leukemia/ lymphoma. Increased tumor incidence can be linked to defects in NK cell-mediated tumor surveillance. Using a novel Ncr1-iCre to CD19-Cre transgenic animals. Newborn Ifnar1 f/f CD19-Cre and littermate controls were infected with A-MuLV to promote leukemia. The survival curves of Ifnar1 f/f CD19-Cre mice and control animals were superimposable (Fig. 3A) . In line with this observation, the phenotype of diseased mice was comparable, as reflected by tumor cell infiltration into hematopoietic organs (Fig. 2E) . These experiments were complemented by a CFSE dye dilution assay that confirmed the comparable proliferative potential of the transformed cell lines (Fig. 2G) . In line with this, doubling times were superimposable: wild type: 22 h ± 0.06; Ifnar1 -/-: 21.9 h ± 0.05; Ifnb -/-: 22.26 h ± 0.2. Propidium iodide (PI) staining was done to analyze not only cell cycle distribution but also to determine the amount of apoptotic cells (which in this assay is reflected by the sub-G1 population). No significant differences were observed in these parameters (Fig. 2F) . Taken together, these in vitro experiments revealed neither an essential role for Type I IFN in A-MuLV-induced cellular transformation nor an alteration in proliferative capacity and/or apoptotic behavior.
Loss of Type I IFN response does not alter tumor cell intrinsic properties. We next asked whether impaired Type I IFN signaling in the tumor cells themselves affects disease development. To abrogate Type I IFN signaling in the tumor cell compartment we crossed conditional Ifnar1 knockout (Ifnar1 f/f ) mice www.landesbioscience.com OncoImmunology Figure 1 . In vivo analysis of oncogenic a-MuLV challenge. 
NK cell maturation is impaired in Ifnar1
-/-mice. We have previously shown that NK cells are the main mediators of immunosurveillance against A-MuLV-induced B lymphoid leukemia, 15, 25, 26 and we have linked the increased tumor susceptibility of Tyk2 -/-mice to an impaired NK cell function. 15 To elucidate the role of Type I IFN signaling in NK cells in the Abelson tumor model, we crossed Ifnar1 f/f mice to Ncr1-iCre transgenic animals. 27 The efficient deletion of Ifnar1 in the Ifnar1 f/f Ncr1-iCre mice was verified by PCR ( Fig. S5A ) and flow cytometry ( Fig. S5B and C) . We then characterized the influence of the deletion on the NK cell compartment. No significant differences in NK cell development (Fig. 4A) in the bone marrow were detected in Ifnar1 f/f Ncr1-iCre and Ifnar1 f/f as well as in Ifnar1 -/-mice (Fig. 4B) . IFNAR1 expression in bone marrow was assessed by flow cytometry. As expected and in line with the expression pattern of NKp46/NCRI, the deletion of Ifnar1 was not detectable in NKPs or iNK cells but was evident in mNK cells of the bone marrow, with the highest deletion efficiency in the most mature NK cell stage (Fig. 4C) .
To further investigate the role of Type I IFN response in NK cells, NK cell maturation in the periphery was assessed in Ifnar1 -/-as well as Ifnar1 f/f Ncr1-iCre mice. Flow cytometric analysis of freshly isolated splenic NK cells from Ifnar1 f/f Ncr1-iCre and Ifnar1 f/f control mice did not reveal any obvious differences in NK cell numbers. However, in line with a previous publication, 14 splenic NK cell numbers were reduced in Ifnar1 -/-mice (Fig. S5D) . In addition, we revealed a pronounced defect in final maturation of Ifnar1 -/-NK cells. Complete knockout of Ifnar1 resulted indeed in significantly reduced numbers of mature NK cells (CD27 -CD11b + ), whereas the NK cell-specific Ifnar1 deletion had no impact on NK cell maturation 28, 29 (Fig. 4D) . NK cells were further analyzed for expression of the NK cell surface markers KLRG1, DNAM-1, NKG2D, CD122 (IL-2Rβ), CD16/ CD32, Ly49C/I and Ly49D. No differences in the expression of the tested markers were detected (Fig. 4E and data not shown) ( Fig. 3B and C) . Ifnar1 deletion was confirmed by flow cytometry and PCR ( Fig. S3A and B) . Taken together, these data are in line with the concept that Type I IFN signaling is of minor importance in the tumor cell compartment itself.
In addition to a negligible role of Type I IFN signaling in tumor cells, the autocrine production of Type I IFN by tumor cells was also shown not to be related to a tumor cell-intrinsic effect. In vitro A-MuLV-transformed cell lines were generated from IFNβ reporter mice, where the Ifnb gene is replaced by the luciferase gene on one allele. 24 These cells were transferred subcutaneously into nu/nu recipient mice. After injection of a bioluminescent substrate, mice were monitored in a dedicated imager. Even though the functionality of the system was confirmed by a virus-based test, no sign of luciferase activity, i.e., no IFNβ production, could be detected (Fig. S3C) . of Ifnar1 failed to impact on the development of tumor nodules in the lungs. This was in contrast with the phenotype observed in complete Ifnar1 knockout animals, which displayed a significantly increased tumor-cell infiltration into the lung ( Fig. 5D and E; Fig. 6D and E) . In addition, killing assays with B16F10 cells revealed a reduced cytotoxic activity of Ifnar1 -/-NK cells, but not of NK cells derived from Ifnar1 f/f Ncr1-iCre mice, reflecting the in vivo observations (Fig. 6F) .
Thus, the outcome of v-Abl-induced leukemia/lymphoma is different in Ifnar1 f/f Ncr1-iCre vs. Ifnar1 -/-mice. This suggests that the sole loss of Type I IFN responsiveness in NK cells that express Ncr1 does not phenocopy the complete loss of IFNAR1 signaling in the Abelson tumor model.
Discussion
In this work, we found that the NK cell-dependent surveillance of v-Abl-induced leukemia/lymphoma is significantly compromised in mice deficient for Type I IFN signaling but that tumor cell-intrinsic Type I IFN signaling is of minor importance.
We took advantage of conditional Ifnar1 knockout mice to dissect the role of Type I IFN in the tumor cells themselves and in the NK cell compartment. Previous in vitro work revealed that with one exception: Ifnar1 -/-mice harbored significantly fewer KLRG1 + NK cells (Fig. 4E) (Fig. 5A) . In addition, we failed to detect alterations in the expression of cytolytic mediators such as perforin, granzyme A and B as well as IFNγ in NK cells derived from
f/f Ncr1-iCre and control mice (Fig. S6) . Differences only became evident when we looked at target cell lysis itself. As documented in cytotoxicity assays, Ifnar1
-/-and Ifnb -/-NK cells were significantly less capable of killing their targets as compared with wild type NK cells ( Fig. 5B and C) . To verify this functional defect in vivo, we made use of a non-hematopoietic tumor model by injecting B16F10 melanoma cells into Ifnar1 -/-, Ifnb -/-and wild type mice ( Fig. 5D and E) . B16F10 cells are known to be under the immunologic control of NK cell-mediated clearance. 30, 31 Two weeks after the injection of B16F10 cells, the tumor cell infiltrates in the lungs of recipient mice were compared. At this time point, Ifnar1
-/-and Ifnb -/-mice were severely affected, and showed significant infiltration of tumor cells in the lungs, which was further reflected by an increase in the organ weight. These observations indicate that NK cells of Ifnar1 -/-and Ifnb -/-mice are significantly impaired in their effector function.
Loss of IFNAR1 in NK cells leaves leukemia latency unaffected. To test the impact of Type I IFN signaling in the NK cell compartment during leukemia development Ifnar1
f/f Ncr1-iCre as well as Ifnar1 f/f control mice were infected with A-MuLV. In contrast to our expectations, Ifnar1 f/f Ncr1-iCre mice succumbed to leukemia/lymphoma with a latency that was comparable to that of their littermate controls (Fig. 6A) . At best we detected a tendency for Ifnar1 f/f mice to die slightly later. Again, the phenotype of the disease was comparable in mice with a different genotype and so was the extent of tumor-cell infiltration into hematopoietic organs (Fig. S4A-D) .
To test whether the NK cell functions are unaltered in Ifnar1
Ncr1-iCre mice, we prepared splenic NK cells from these animals. Interestingly, in vitro expanded splenic NK cells derived from Ifnar1 f/f Ncr1-iCre mice displayed defects in their capacity to kill YAC-1 and RMA-S cells that are comparable to Ifnar1 -/-NK cells (Fig. 6B and C) . These findings point to a direct contribution of Type I IFN to NK cell cytotoxicity, yet cannot explain the unaltered disease latency.
When we tested another NK cell-controlled tumor model, i.e., the B16F10 melanoma model, the NK cell-specific deletion exerts a direct growth inhibitory and pro-apoptotic effect on the tumor cells. In line with other reports, 9,11 our results do not corroborate this hypothesis but rather point toward a dominant role of Type I IFN at the level of the immune system. This is strongly supported by the fact that disease progression was not altered in mice lacking IFNAR1 in the tumor cells.
As we have demonstrated in the past that NK cells play a key role in shaping leukemogenesis induced by the Abelson oncogene, we next took a closer look at the NK-cell compartment. Initial work by Jablonska and colleagues indicate that Ifnb -/-mice are prone to develop B16F10 melanoma, a model predominantly controlled by NK cell-mediated surveillance. 33 We confirmed and extended these data using IFNAR1-deficient animals and we propose that the increased susceptibility of Ifnar1 -/-mice to v-Abl-induced leukemogenesis is related to the NK cell compartment. Interestingly, only NK cells derived from Ifnar1 -/-mice but not from Ifnar1 f/f Ncr1-iCre mice showed a maturation defect. This may be explained by the fact that the Ncr1 gene (and thus the Cre recombinase) is only expressed in the late phases of NK cell development, when the cells mature. One may speculate that the time point at which NK cells require an input from Type I IFN has already passed. In line with our findings (Fig. S5D) , the absence of either IFNAR1 or IFNAR2 has been reported to reduce NK cell numbers in the spleen.
14 Our data therefore clearly show that while systemic Type I IFN is required for NK cell development, the expression of IFNAR1 during late maturation stages on NKp46 + NK cells themselves is not. Type I IFN is-at least in vitro-capable to enhance the cytotoxic functions of NK cells.
14 If Ifnar1 is only deleted in the NK cell compartment, however, the effects are less clear. Whereas YAC-1 and RMA-S cell killing by NK cells requires the presence of IFNAR1 on their surface, this was not the case for the killing of B16F10 cells. B16F10 melanoma cells express ligands to DNAM-1 and NCRs, and lack MHC Class I, 34, 35 whereas YAC-1 cells have been shown to display considerable amounts of NKG2D ligands, 36 as do v-ABL transformed cells. 26 One may speculate that different ligands on the surface of target cells may contribute Type I IFN prevents cellular transformation through mechanisms involving enhanced cellular expression of the tumor suppressor p53. 32 This appears of no relevance in the Abelson leukemia model. We failed to detect a significant increase in cell transformation in the absence of constitutive Type I IFN signaling in vitro ( Fig. 2A and B) . Similarly, the absence of Ifnar1 in CD19 + leukemic cells did not accelerate disease progression suggesting only a minor impact (if any) of Type I IFN on the tumor cells themselves. Prior to the era of the BCR/ABL tyrosine kinase inhibitor imatinib (Gleevec ® ), IFNα has been used for decades to treat patients suffering from BCR/ABL-driven chronic myeloid leukemia. Today, the therapeutic approach has changed and IFNα is considered as second line treatment, to be used when cells become resistant to BCR/ABL inhibition. The rationale for IFNα treatment was partially based on the fact that IFNα Different disease models were used: (1) newborn mice were infected with 100 μL of replication-incompetent ecotropic retrovirus encoding for v-Abl by intraperitoneal injection (i.p.) as described by Sexl et al. 46 Mice were checked daily for disease onset. Diseased mice were sacrificed. Peripheral blood, lymphoid and hematopoietic organs were analyzed for infiltrating leukemic cells by FACS and by histopathology. In vitro transformation assay and generation of v-ABL transformed cell lines. Single-cell suspensions of murine bone marrow to the observed differences in NK cell-mediated cytotoxicity. Although the molecular mechanism remains obscure, signaling crosstalk downstream of IFNAR1 and NK cell receptors may be envisioned. The defect is clearly not related to the mobilization of the cytolytic granules toward the target cell, nor to a reduced expression of the cytolytic mediators such as perforin and granzymes.
Interestingly, this in vitro defect did not translate into a major disadvantage in vivo. When exposed to the Abelson retrovirus, Ifnar1 f/f Ncr1-iCre animals managed to resist the oncogenic challenge significantly better than Ifnar1 -/-mice. This suggests that the strong cytotoxic defects imposed by the loss of IFNAR1 are compensated in vivo. The results obtained with IL-2-expanded NK cells are clearly different from the complex situation in vivo, where many cytokines and modulating factors are present. We reason that the in vitro observations unmask a contribution of Type I IFN to cytotoxicity that is compensated in vivo. In addition, we did rule out that an impaired deletion of Ifnar1 accounts for these differences. One possible explanation is that in Ifnar1 -/-mice other cell types that do require Type I IFN are critically involved in tumor surveillance. Conventional dendritic cells (DCs), macrophages as well as stromal cells like fibroblasts all may be involved in tumor surveillance in addition to NK cells. Type I IFN responses in these cell types are obviously not affected in Ifnar1 f/f Ncr1-iCre mice, which may account for the unaltered disease latency as compared with wild type controls.
The interaction between activated DCs and NK cells has been described to increase the efficiency of NK cell antitumor effector functions both in vitro and in vivo, in independent experimental models. 37, 38 On the one hand, IL-2 has been reported to be a key regulator of DC-dependent NK cell activation upon bacterial challenge. 39 On the other hand, NK cell priming was described to depend on functional Type I IFN responses by DCs and the subsequent production and trans-presentation of IL-15 by DCs to resting NK cells. 40 In the B16F10 melanoma model, neutrophils have also been implicated in tumor surveillance. 33 Further clarification is required on which complex networks of immune cells and cytokines are responsible to guarantee full-fledged tumor surveillance. Our data suggest that IFN regulates NK cell-mediated tumor surveillance with a high plasticity, as the lack of Type I IFN responsiveness in NK cells-despite having a major impact in vitro-appears to be compensated for in vivo. 45 were on C57BL/6 background and maintained under specific pathogen-free conditions at Biomodels Austria, University of Veterinary Medicine Vienna, Austria. Experiments were performed using gender-and agematched mice. All animal experiments were done in accordance with protocols approved by the Animal Welfare Committee Images were taken using a Zeiss Axio Imager.Z1 microscope. The assays were performed three times in duplicates. The ability of transformed cells to form cell lines was tested by transferring an aliquot of the infected cells (10 6 ) to growth factor-free medium. The culture was observed for the outgrowth of stable cell lines. Mock-infected cells were used as controls. Outgrown cell lines were analyzed by flow cytometry for the expression of B lineage (CD19, CD43; BD PharMingen) and myeloid lineage markers (Mac1, Gr1; BD PharMingen).
Materials and Methods
Mice
Virus preparation and cell culture. Maintenance of A010 A-MuLV producer cells and collection of the viral supernatant was performed as described previously. 48 Transformed bone marrow cell lines were maintained in complete RPMI-1640 as described (RPMI-1640 supplemented with 10% heat-inactivated FCS, 100 U/ml penicillin-streptomycin, 2mmol/L l-glutamine and 5 micromol/L beta mercaptoethanol).
B16F10 cells were maintained in DMEM supplemented with 10% heat-inactivated FCS, 100 U/ml penicillin-streptomycin, 2 mmol/L l-glutamine and 5 μmol/L β-mercaptoethanol. YAC-1 and RMA-S cells were maintained in RPMI-1640 supplemented with 10% heat-inactivated FCS, 100 U/ml penicillin-streptomycin, 2 mmol/L l-glutamine and 5 μmol/L β-mercaptoethanol.
NK cell purification, expansion and function. Murine NK cells were isolated, purified and expanded as previously described. 26 Briefly, singlecell suspensions were prepared from at least 2 spleens per genotype. For NK cell purification, erythrocyte-depleted single-cell suspensions were incubated with anti-DX5-coated MACS beads (Miltenyi Biotec) and purified by LS columns on a MACS separator (Miltenyi Biotec). NK cells were expanded for 6-10 d in medium (RPMI 1640 containing 10% FCS, β-mercaptoethanol, of tibiae and femora were infected as described previously. 46 Thereafter, cells were either maintained in complete RPMI-1640 (PAA Laboratories) medium or plated in cytokine-free methylcellulose (MethoCultTM, StemCell Technologies Inc.) as described previously. 47 Cloning efficiency was evaluated by counting colonies using a Leica Fluovert microscope (magnification 4×). f/f Ncr1-icre, Ifnar1 f/f and Ifnar1 -/-NK cells was measured in a flow cytometric-based assay using B16F10 cells as targets. Individual points represent means from two preparations per group and triplicate wells ± seM (*p < 0.05, **p < 0.01, ***p < 0.001).
added for another 8 h of incubation. Cells were analyzed by harvesting them onto glass fiber filter mats using a Skatron 96-well harvester (Skatron Instruments AS). Filter mats were soaked in 2.5 mL Rotiszint® eco plus scintillation fluid (Roth) and filterbound [ 3 H]thymidine was quantified by three minute-counts in a scintillation counter (1900 CA Tri-Carb® Liquid Scintillation Analyzer; Packard Cranberra Company).
Histology. Representative samples of spleens, tumors, livers and lungs were fixed with 3.7% formaldehyde for 24 h, washed in PBS and embedded in paraffin. Five μm-sections were stained with Hematoxylin and Eosin using standard protocols. Images (magnification 100×) were taken using a Zeiss Axio Imager.Z1 microscope. Slides were scanned using TissueFAXS TM software (TissueGnostics GmbH, Vienna, Austria; www.tissuegnostics.com).
Statistical procedures. Where appropriate, unpaired Student's t-test or One-way ANOVA with Tukey post test were performed using GraphPad Prism version 5.00 for Windows (GraphPad Software, www.graphpad.com) Differences in Kaplan-Meier plots were analyzed for statistical significance using the log rank test of survival. p values lower than 0.05 were considered statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001).
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